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Abstract 
 Additive manufacturing offers many technical and economical benefits. In order to profit 
from these benefits, it is necessary to consider the manufacturing limits and restrictions. This 
applies in particular to the geometrical accuracy. Therefore, the achievable geometrical accuracy 
needs to be investigated, which enables the determination of realistic tolerances. Thus, two 
different aims are considered. The first aim is the determination of dimensional tolerances that can 
be stated if additive manufacturing is used under normal workshop conditions. Within the second 
aim, relevant process parameters and manufacturing influences will be optimized in order to reduce 
dimensional deviations. To achieve both aims a method was developed first. This method identifies 
relevant influential factors on the geometrical accuracy for the processes Fused Deposition 
Modeling (FDM), Laser Sintering (LS) and Laser Melting (LM). Factors were selected that are 
expected to affect the geometrical accuracy mainly. The first investigations deal with measuring 
linear dimensions on a designed test specimen and the derivation of achievable dimensional 




 Additive manufacturing produces components by a repetitive manufacturing and assembly 
of layers [1]. Thereby the shaping of the layers occurs in the building plane (x-y plane); assembled 
layers in z-direction create the third dimension [2]. The processes Laser Sintering (LS), Laser 
Melting (LM), and Fused Deposition Modeling (FDM) are considered within the present 
publication. The processes differ in the manufacturing of layers and in the used materials. The LS 
and LM processes use plastic or metal powder, which is locally melted by a laser exposure [2]. On 
the contrary to LS and LM, the FDM process is an extrusion process. Thereby a plastic strand 
material is melted and deposited by a heated nozzle on the substrate [2, 3, 4]. 
State of the art 
 Through the layer-by-layer manufacturing without using formative tools, additive 
manufacturing offers great benefits compared to established manufacturing processes. Especially, 
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great design freedoms provide new possibilities for the part design, such as helical cooling channels 
or complex lattice structures. In economic terms, the decoupling of the manufacturing costs from 
the component complexity is achievable [5]. The application of the processes is carried out in Rapid 
Prototyping, Rapid Manufacturing, and Rapid Tooling [2]. Nevertheless, various reasons, such as 
large geometrical deviations, inhibit the use of additive manufacturing in Rapid Manufacturing and 
Rapid Tooling. Such deviations are insufficiently researched [6, 7]. However, the literature 
demonstrates that various research was performed to classify the geometrical accuracy of additive 
manufacturing [8 - 33]. Most of the references evaluate the geometrical accuracy with standard 
benchmark parts. However, the geometrical accuracy is influenced by many geometrical factors, 
which need to be considered. Additionally, the derivation of tolerances is often lacking. Moreover, 
reasons for the occurrence of dimensional deviations are often unknown. As a result, there is a 
knowledge gap regarding achievable tolerance values for the realistic limitation of geometrical 
deviations [6, 7]. Additionally, the influence of process parameters on the geometrical accuracy is  
considered superficially so far. Within this work, dimensional tolerances are investigated with two 
objectives: the systematic development of dimensional tolerances for additive manufacturing 
processes and the optimization of machine parameters and manufacturing influences to minimize 
dimensional deviations. 
Method Development 
 In order to allow a systematical determination and minimization of dimensional deviations, 
a method is required. The method development is executed in two steps: 
 First, a method is developed that enables a systematical development of dimensional tolerances 
under normal workshop conditions for the additive manufacturing processes. Normal workshop 
conditions describe the use of frequently applied parameters, materials and machine settings. 
 Second, the method development deals with the minimization of dimensional deviations by 
finding optimized process parameters and manufacturing influences.  
 Within the method, different important aspects in determining tolerances were considered. 
The method development started with the identification of influential factors on the geometrical 
accuracy of additive manufactured parts by a literature research [8 - 33] and by a workshop with 
technology experts from science and industry. In addition to the identification of important factors, 
a test specimen was designed, which enables the consideration of all selected factors. For the 
reproducible determination of dimensional deviations, a suitable measurement method was 
developed. In the following sections, the results of the method development are presented. 
Influential Factors 
 Due to the manufacturing principles of additive manufacturing, new influential factors and 
effects on the geometrical accuracy must be taken into account. In the present publication, focus is 
on the influential factors of Laser Sintering. Some of the identified factors are shown in terms of 
an Ishikawa diagram in Figure 1.  
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Figure 1:  Ishikawa diagram for Laser Sintering 
Due to the large amount of factors, a selection of the most relevant influences for the 
experimental investigation was performed. Technology experts, from both science and industry 
defined the selection of relevant influences and the determination of variation boundaries. The 
selected factors for the experimental test are shown in Figure 2. The remaining factors can be 
subdivided into geometrical factors, process parameters and measurement influences. The impacts 
of material, machine and environment are kept as constant as possible. For instance, the laser-
sintered test specimens are made from one batch of material. The materials for the considered 
processes are listed in Table 1. Additionally, no changes of the mechanical and electronic 
components of the machine are planned. 
 
Figure 2:  Selected influential factors for the experimental investigation of Laser Sintering 
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Table 1:  Materials for the investigation of occurring dimensional deviations 
Process  Fused Deposition Modeling Laser Sintering Laser Melting 
Material ABS-M30 PA2200 Stainless steel 316L 
 
In the following section, the influential factors are described in more detail. Geometrical 
factors describe the shape and the spatial position of components in the build chamber. These 
factors apply for all considered processes. For each factor variation boundaries and steps were 
defined. Because the first investigations focus on dimensional deviations, four dimension groups 
– external, internal, step and distance dimension (Figure 3) – need to be considered. The first 
experimental investigations focus on external dimensions.  
 
Figure 3:  External (a), internal (b), step (c) and distance dimension (d) [34] 
In this case, a dimension is defined as the distance between two opposite points and a 
dimensional tolerance is checked by a two-point measurement [34]. The examination of 
dimensional deviations requires the investigation of various nominal dimensions. For this 
purpose, the nominal dimensions are derived from the DIN EN ISO 286-1 [35]. This German 
standard describes the ISO code system for tolerance on linear dimensions and defines 
fundamentals of tolerances, deviations and fits. The DIN EN ISO 286-1 also allows the comparison 
between different manufacturing processes subject to their achievable tolerances. 
Although the definition is geometry-independent, different geometries need to be 
considered. According to ADAM, geometrical basic elements are divided into non-, simple- and 
double-curved elements [36]. These definitions describe for instance cuboids, cylinders and 
spheres. This classification is expedient to apply for the determination of dimensional deviations 
as well. Additionally, the structure complexity causes an impact on the geometrical accuracy. The 
complexities vary between simple full material geometries, e.g. cuboids and high complex 
geometries, e.g. lattice structures. Within the first investigations, simple full material and non-
curved elements are manufactured.  
Apart from the shape of the component, also the spatial position of components in the build 
chamber influences the geometrical accuracy. Because different temperature gradients and 
temperature areas result within the powder cake [37], the components position have an influence 
on the geometrical accuracy in Laser Sintering [35]. Thus, a consideration of the position in x-y 
plane as well as in the direction of the z-axis is indispensable. Therefore, nine different position in 
x-y plane and three positions along the z-axis were defined (Figure 4a). In x-y plane, the middle 
(M), four side (S) and the four edge (E) positions have been selected. Along the z-axis the positions 
between 0 – 200 mm, 200 – 400 mm and 400 – 600 mm are investigated in Laser Sintering.  
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Figure 4:  Defined spatial positions for Laser Sintering (a) and schematic representation of 
orientation and direction (b)  
In addition, literature attributes importance on orientation and direction of components 
regarding the occurring deviations [38, 39]. Therefore, these geometrical factors must be taken into 
account as well. According to ADAM, the orientation is defined as the polar angle (δori) between the 
surface of the component and the x-y plane. In order to achieve a clear description for the spatial 
alignment of components, a further definition for the direction is necessary. The direction is 
determined as the azimuth angle (δdir) between the projection of the component on the x-y plane 
and the x-axis (Figure 4b) [36]. For the experimental investigations, combinations of orientation 
and direction were chosen for which the nominal dimensions run parallel to the x-, y-, z-axis, as 
illustrated in Figure 5. 
 
Figure 5:  Spatial alignment – Nominal dimensions along the x, y and z-axis 
 Furthermore, process parameters and manufacturing influences for Laser Sintering, Fused 
Deposition Modeling and Laser Melting need to be considered in order to minimize the geometrical 
deviations. For Laser Sintering different layer thicknesses, shrinkage factors, packing densities, 
cooling times within the machine, removal chamber temperatures and sand blasting strategies were 
selected. The experimental investigations will identify their influence on the geometrical accuracy. 




Test specimen and Measurement 
For the establishment of tolerances for additive manufacturing, the occurring deviations 
must be examined first. In addition, the investigations should identify the causes and effects of 
dimensional deviations. For this purpose, simple full material cuboids with a constant cross 
sectional area of 10 by 10 mm and different nominal dimensions (Table 2) were manufactured to 
investigate external dimensions. The nominal dimensions were aligned along the x-, y- and z-axis 
(Figure 5). Within the first experimental investigations, three specimens were built for each 
nominal dimension, alignment and position. Afterwards, a successive change of the geometrical 
factors dimension group, geometry and structure complexity is envisaged. 
Table 2:  Nominal dimensions derived from DIN EN ISO 286-1 [35] 
Nominal dimension [mm] 
3 6 10 18 30 50 80 120 180 250 315 400 500 
 
To enable a uniform and reproducible determination of the occurring deviations, a 
measurement method was set up. The actual dimension is measured by a micrometer screw with a 
ratchet stop. The measurement instrument accords to the German standard DIN 863-1 and has an 
accuracy of 0.01 mm. In this case, three local two-point measurements are recorded diagonally at 
the ends of the test specimen (Figure 6a). The location of the measurement points were defined for 
each alignment to allow a repeatability of the measurement. From these measured values, a global 
dimension is evaluated as maximal dimension for external dimension of each specimen (Figure 
6b). After this step, the dimensional deviation is calculated as the difference between the actual 
global dimension and the nominal dimension. 
 
Figure 6: Measuring of test specimens – Local two-point measurements (a) and evaluated 
global dimension (b) 
Experimental results and Discussion 
 The experimental investigations were carried out for Fused Deposition Modeling, Laser 
Sintering and Laser Melting. The test specimens were manufactured with fixed standard process 
parameters, which are given by the machine manufacturers. The boundary conditions are shown in 
Table 3. The laser-sintered test specimens were blasted after manufacturing to remove the non-
melted powder. The glass bead blasting was performed with a pressure of 4.0 bar and a distance of 
circa 300 mm between blasting nozzle and specimen. The duration of blasting took 300 seconds. 
A side cutter removed the solid support material at FDM and LM mechanically as far as possible.  
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Table 3:  Boundary conditions during the manufacturing for FDM, LS and LM 
Boundary condition FDM (Insight 9.1) LS (PPP Balance) LM (Standard) 
Machine Fortus 400mc EOSINT P396 SLM 280HL 
Material ABS-M30 PA2200 Stainless steel 316L 
Layer thickness 0.178 mm 0.120 mm 0.050 mm 
Shrinkage factors 
(x/y/z) 
0.55/ 0.55/ 0.59 % 3.2/ 3.2/ 2.2-1.6 % 0.223/ 0.223/ 0.223 % 
 The diagrams in Figure 7 show the average deviation in combination with the occurring 
standard deviation dependent on nominal dimension and alignment for the considered processes. 
The results are averaged over the investigated positions. Regarding the occurring deviations, it is 
important to note the different axis scales for the considered processes.  
 For the FDM process, it becomes apparent that all test specimens show an oversize 
independent from their spatial alignment. In x-alignment, the positive deviation arises with 
increasing nominal dimension. In contrast to this, the positive deviation in y-alignment decreases. 
Test specimens, which are aligned along the z-axis, show an erratic curve depending on the nominal 
dimension. 
 In Laser Sintering, an oversize for small nominal dimensions was determined 
independently from the spatial alignment. All alignments show a decreasing dimensional deviation 
with increasing nominal dimension. The average deviation of the test specimen with a nominal 
dimension of 80.0 mm is negative. In this case, a large standard deviation is noticed for the nominal 
dimensions 50.0 and 80.0 mm. This large standard deviation is caused by the strong position impact 
of laser-sintered components. This influence becomes obvious in Figure 8. Additional other 
influences must be taken into account to justify the appearing deviations. For instance, the 
shrinkage factors have a huge importance of the occurring deviations. Those factors are usually 
determined for an average nominal dimension [40] and can also be responsible for the positive and 
negative deviations dependent on the nominal dimension.  
 Laser-melted test specimens in x-alignment show small deviations. The y-specimens 
display a constant positive deviation of circa 0.15 mm. In particular, the z-specimens show a large 
positive deviation of circa 0.7 mm. The support residues on the measurement areas mainly causes 
this oversize in z-orientation. Additionally, the melting bath penetrates deeper into the powder bed 
than one layer while creating a part layer. On the one hand, it is useful for the most part layers to 
guarantee a bond between the actual part layer and the layer below. On the other hand, the first 
layer of a component has no other layer below, thus the melting bath bonds undefined powder 
particles. Thereby an oversize results [36].  
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Figure 7: Average dimensional deviations in relation to selected nominal dimension and 
alignment of the test specimens 
 As already mentioned, the position of test specimens has a large influence on the 
geometrical accuracy. In this context, nine different positions (Figure 4) in the x-y plane were 
investigated. The first experimental test were executed within z-positions between 0.0 mm and 
200.0 mm for Laser Sintering. The results are presented in Figure 8. It is obvious that the selected 
position influences the dimensional deviation. However, no clear regularity between position and 
occurring deviation is evident. This is consistent with representations made by ADAM [36]. The 
results for z-alignment shows a characteristic erratic curve. These curves are caused by the 
resolution of different nominal dimensions along the z-axis. Especially, nominal dimensions, 
which are not a multiple of the layer thickness, include larger deviations. In general, the middle 
position (Figure 4) shows the best average geometrical accuracy.  
 
Figure 8: Average dimensional deviation in relation to the alignment, position and nominal 
dimension of the test specimens 
 The second aim is the investigation of machine parameters and manufacturing influences. 
For instance, the position in x-y-plane was investigated with a finer position matrix (Figure 9a) to 
identify the influence of different temperature areas in x-y plane according to the occurring 
deviations. Within the x-y plane, 224 cubes (Figure 9c) with a nominal dimension of 10 x 10 x 10 
mm were manufactured on three different z-positions in near of the build platform (Figure 9a/b). 
The experimental investigation was executed on a EOSINT P396 with the same boundary 
conditions as mentioned in Table 3. After manufacturing, the actual global dimension of each cube 
along the x-, y- and z-axis was measured with a micrometer screw. 
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Figure 9: Build job layout for the investigation of position influence on the geometrical 
accuracy with cubes (c) – x-y plane with 15 positions for each axis (a) and three z-
positions (b) 
The results for the different positions are shown in Figure 10. The diagrams present the 
actual dimension for the 15 considered positions in x- and y-alignment. It emerges that the 
dimensional deviations increase in the boundary areas along the x-axis. Exceptions are found for 
positions 1 and 15, which demonstrate an abrupt decrease of the actual dimension in comparison 
to their adjacent positions. However, it must be noted that the positions 1 and 15 are close to the 
edges and sides. Only the actual dimensions along the z-axis are influenced by the different z-
positions. On the contrary, the z-position in the considered range shows no significant influence on 
the actual dimension in x- and y-alignment. Considering the z-positions, it must be noted that the 
z-positions are not sufficient because the test specimens were manufacturing in the border area of 
the z-axis. In other z-positions, a different behavior is conceivable. The results along the x-positions 
emphasize that constant deviations appear between the positions 5 and 11. The results along the y-
positions demonstrate slightly increasing deviations in x- and y-alignment with increasing position 
along the y-axis. The actual dimensions in z-alignment are influenced by the position along the z-
axis as outlined for the x-positions as well. Here, it becomes obvious that the actual dimensions 
increase when the z-position rises in the considered boundaries. 
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Figure 10: Actual x-, y- and z-dimensions of manufactured cubes in relation to their position 
in the x-y plane and along the z-axis 
In general, the results demonstrate a homogenous area regarding the actual dimension 
between the position five and eleven in x-direction and between position three and ten in y-
direction, which is possibly in correlation to the temperature profile in x-y plane [41]. The defined 
area should be used for the identification of other selected process influences on the geometrical 
accuracy. This procedure allows the examination of other process factors and manufacturing 
influences without a great impact of the selected position.    
Comparison to established Manufacturing Processes 
The results of the investigations of geometrical factors (Figure 7) were used to classify the 
additive manufacturing processes into the IT-classes, which are defined in DIN EN ISO 286-1 
(Table 4). ISO-tolerances define the tolerance size and the position of the tolerance zone relative 
to the zero line. The size of the tolerances is represented by IT-numbers (1…18) and the position 
of the tolerance zone by different letters (A…ZC). Higher IT-classes represent coarser tolerances. 
This system allows a comparison between additive and established manufacturing processes 
subject to their achievable tolerances. Through the classification, it becomes clear that additive 
manufacturing can be stated under the examined boundary conditions with IT-classes 11 to 16. The 
considered additive manufacturing processes are relative to their tolerances with respect to their 
tolerances with casting, drop forging, drilling, and cutting. It should be noted that the derived 
tolerances are mainly influenced by the spatial alignment of the test specimen. Thus, to the spatial 
alignment was paid attention within Table 4. Laser-melted specimens in z-alignment show 
particularly high deviations due to the support residues and the melting bath, which penetrates 
deeper into the powder bed than one layer thickness [36]. This is illustrated by IT-classes 15 and 
16 for the z-alignment at Laser Melting (Table 4). However, support material is needed and causes 
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a high surface roughness. In order to meet requirements for functional areas, a subsequent 
machining of these areas should be provided for laser-melted components. 
Table 4: Overview of IT-classes for various manufacturing processes according to FRITZ 
[42] 
Process  IT-Classes (DIN EN ISO 286-1) 
 5 6 7 8 9 10 11 12 13 14 15 16 
Casting             
Sintering             
Drop forging             
Precision forging             
Cold extrusion             
Milling             
Cutting             
Turning             
Drilling             
Face milling             
Planing             
Stripping             
Circular grinding             
Additive manufact.             
FDM       xyz xyz xyz z   
LS         xyz xyz xyz  
LM       xy xy xy xy z z 
Conclusion and Outlook 
Additive manufacturing processes provide technical and economical advantages compared 
to established processes. However, existing restrictions due to the process principles must be 
researched in detail to ensure a reliable application. In particular, this applies to the limitation of 
geometrical deviation of additively manufactured components. Thus, realistic dimensional 
tolerances are methodically developed for additive manufacturing. 
Therefore, relevant influential factors were defined by a literature research. The results were 
discussed and expanded by technology experts from science and industry. For the experimental 
investigations, variation boundaries and steps were selected. The experimental investigations 
document that the existing dimensional deviations depend on a variety of factors. The geometrical 
factors spatial alignment and nominal dimension show a strong influence on the occurring 
deviations. Additionally, the position of the component is relevant with regard to the geometrical 
accuracy at Laser Sintering. However, a significant correlation between position and dimensional 
deviation is not recognizable. The derived tolerances classify additive manufacturing in 
comparison with established processes in IT-classes 11 to 16 according to DIN EN ISO 286-1. The 
division demonstrates that additive manufacturing are comparable to the processes casting, drop 
forging, drilling, and cutting with respect to the achievable tolerances. So far, only a few variations 
of geometrical factors were investigated. For the derivation of realistic tolerances, further 
experimental investigations with a successive change of the geometrical factors are essential. 
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Further investigations have to consider different dimension groups (e.g. internal dimensions), 
geometries (e.g. curved elements [36]) or a higher structure complexity (Figure 2). 
Within the second aim, investigations of process factors and manufacturing influences with 
regard to the geometrical accuracy are executed. In this context, approaches and measures to 
minimize dimensional deviations should be continuously developed. For this purpose, relevant 
process factors were identified. Experimental investigations of process factors demonstrates that 
dimensional deviations could be reduced by an optimal selection of different factors. This is also 
emphasized by literature sources, which grant shrinkage factors an enormous influence on the 
geometrical accuracy. For this reason, further experimental studies on the influence of process 
factors are required. The derived approaches should reduce dimensional deviations, which allow a 
reduction of the IT-classes for additive manufacturing. 
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